To determine the growth potential of p63-positive cell clusters maintained in human limbal epithelial sheets. METHODS. Intact human limbal epithelial sheets were isolated from corneoscleral rims and cultured with or without being rendered into single cells by trypsinization on either plastic or 3T3 fibroblast feeder layers. Clonal growth on 3T3 fibroblast feeder layers was compared between monolayers in sheets or single cells and between areas with or without laser-microdissected, p63-enriched cell clusters. Immunostaining, immunoblot analysis, and reverse transcription-polymerase chain reaction of such differentiation markers as keratin (K)-3 and -12 and such progenitor markers as p63, ABCG2, and MDR-1 were also compared. RESULTS. Clusters of small p63-positive cells were enriched in limbal palisades of dispase-isolated epithelial sheets immediately or after brief cultivation on plastic in SHEM. Clonal growth of p63-rich cell clusters was higher than areas without clusters (P Ͻ 0.001). Clonal growth of epithelial monolayers derived from sheets was also higher than that derived from single cells (P Ͻ 0.01). Although expression of ABCG2 and MDR-1 transcripts was similar, cells from epithelial sheets expressed higher protein levels of p63 and lower protein levels of K3 and -12 than single cells, whether they were cultured on plastic or as 3T3 fibroblast feeder layers. CONCLUSIONS. Limbal palisades contain clusters of p63-rich progenitor cells. Maintenance of such cluster architecture during ex vivo expansion yields higher growth potential than being dispersed into single cells. (Invest Ophthalmol Vis Sci. 2009; 50:4611-4617 We have reported a method of isolating an intact and viable limbal epithelial sheet.
S
everal studies have substantiated the notion that corneal epithelial stem cells (SCs) reside in the limbal region between the cornea and the conjunctiva. 1, 2 This unique anatomic enrichment at the limbus allows one to gain easy access to these adult somatic SCs, 3 which have the smallest cell size 4 and a longer cell cycle, 5 do not express K3/K12 1, 6 and connexin 43, 7 but preferentially express p63, 8 Bcrp1/ABCG2, 9 or Ncadherin. 10 Limbal epithelial SCs play a critical role in maintaining a healthy corneal surface. Several ocular surface diseases manifest limbal SC deficiency 11 when they are either destroyed or their underlying stroma is dysfunctional. Thus, one may naturally speculate that the function of limbal SCs is regulated in part by their microenvironmental niche (for review, see Ref. 12) . One way of maintaining such a supportive relationship in vitro is to expand single limbal progenitor cells on growtharrested 3T3 fibroblast feeder. [13] [14] [15] The SC-containing limbal epithelium has a higher clonogenic potential when cultured on 3T3 fibroblasts feeder layers. 16, 17 Such ex vivo-expanded limbal epithelial cells have successfully been transplanted to treat patients with total limbal SC deficiency. 18, 19 We have reported a method of isolating an intact and viable limbal epithelial sheet. 20 Therefore, we questioned whether maintenance of limbal SCs within the sheet is useful in promoting their growth potential during cultivation. Herein, we demonstrate that unique p63-positive cell clusters were enriched in the limbal palisades of Vogt and exhibited a higher clonal growth potential and that limbal sheet cultures generated cells with a higher growth potential and less differentiation than those of single-cell cultures. The significance of these findings is further discussed with respect to tissue engineering methods of generating surgical grafts containing human limbal epithelial progenitor cells for treating limbal SC deficiency.
MATERIALS AND METHODS
Extraction reagent (TRIzol) was purchased from Invitrogen-Gibco (Grand Island, NY). Dispase II was from Roche (Indianapolis, IN). A cell viability assay (Live/Dead Assay) was from Molecular Probes (Eugene, OR). Monoclonal antibody to keratin (K)-3 (AE5) was purchased from ICN Biomedicals (Aurora, OH). A rabbit polyclonal antibody to human keratin (K)-12 was kindly provided by Winston Kao (University of Cincinnati School of Medicine). 21 A monoclonal antibody against p63 (4A4) was from Dako (Carpinteria, CA). Horseradish peroxidaseconjugated goat anti-rabbit IgG antibody was from Bio-Rad (Hercules, CA). The following reagents and chemicals including a monoclonal antibody to ␤-actin, fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse and goat anti-rat antibodies, mouse-derived epidermal growth factor, cholera toxin, insulin-transferrin-sodium selenite (ITS) medium supplement and sorbitol were purchased from Sigma-Aldrich (St. Louis, MO). Chemiluminescence reagent (Western Lightning) was purchased from Perkin Elmer Life Science (Boston, MA).
Isolation of Human Limbal Epithelial Sheets
Human corneoscleral rims from donors, younger than 60 years and less than 4 days after harvesting, were obtained from the Florida Lions Eye bank and was managed in accordance with the Declaration of Helsinki for research involving human tissue. The method of isolating limbal epithelial sheets followed the method previously reported. 20 In short, fresh corneoscleral tissue was cut into four similar segments in a 60-mm culture dish containing HBSS, and the remaining iris and endo-thelial cells were rubbed off. Each segment was digested with 15 mg/mL Dispase II in SHEM with 100 mM sorbitol at 4°C for 18 hours and separated from the stroma of each segment. SHEM was made of an equal volume of HEPES-buffered DMEM and Ham's F12 containing bicarbonate, 0.5% dimethyl sulfoxide, 2 ng/mL mouse-derived EGF, 5 g/mL insulin, 5 g/mL transferrin, 5 ng/mL sodium selenite, 0.5 g/mL hydrocortisone, 30 ng/mL cholera toxin, 5% FBS, 50 g/mL gentamicin, and 1.25 g/mL amphotericin B. Such limbal epithelial sheets were either directly cultured or rendered into single cells by 0.25% trypsin and 1 mM EDTA for 5 minutes before being cultured. Approximately 5 ϫ 10 4 singe cells or a sheet per well (six-well culture dish) were seeded on plastic with or without mitomycin C-inactivated 3T3 fibroblast feeder layers in the SHEM .
Cell Viability Assay
A cell viability assay (Live/Dead Assay; Molecular Probes) was performed to assess the viability of isolated epithelial sheets according to the manufacturer's instruction. Briefly, after the sheets were isolated as described earlier, the culture medium was removed, and the cells were washed twice with HBSS and incubated in the dark for 40 minutes with 0.5 mL of 2 mM calcein-AM and 4 mM ethidium homodimer in PBS. After they were washed with PBS, green-fluorescent cells (live) and red-fluorescent cells (dead) were examined by epifluorescence microscope (Te-2000u Eclipse; Nikon, Tokyo, Japan).
Epithelial Growth, Laser Micro Dissection, and Clonal Cultures
The size equivalent to one eighth of the entire dispase-isolated limbal epithelial sheets as described earlier was further subdivided into two portions. One portion was directly seeded as a sheet on plastic, whereas the other was treated with trypsin/EDTA, and seeded as single cells on plastic. The epithelial growth of three separate cultures was measured by digitizing phase-contrast micrographs taken every 3 days during a period of 27 days using Image J (developed by Wayne Rasband, National Institutes of Health, Bethesda, MD; available at http:// rsb.info.nih.gov/ij/index.html.) To demonstrate the growth potential, 10 limbal epithelial clusters, each 1 mm in diameter, were removed by laser microdissection (LMD6000; Leica, Tokyo, Japan) from human limbal sheets cultured for 48 hours in SHEM on plastic. As a control, 10 similar sizes were also obtained from areas without clusters. Single cells obtained from the above two cultures were treated with trypsin/ EDTA for 5 minutes and seeded on mitomycin C-treated 3T3 fibroblast feeder layers at a density of 40 cells/cm 2 for 2 weeks. Resultant clonal growth was assessed by rhodamine B or crystal violet staining, and colony forming efficiency (CFE) was determined by counting the percentage of those clones consisting of more than 100 cells per clone subdivided by seeded cells.
Reverse Transcription-Polymerase Chain Reaction
Total RNA was extracted (Trizol; Invitrogen-Gibco) from confluent cultured epithelial cells and the corneal epithelium scraped from corneal buttons as a positive control. Total RNA equivalent to 1 ϫ 10 5 cultured cells or one corneal button was subjected to RT-PCR based on a protocol recommended by Promega (Madison, WI). The final concentration of RT reaction was 10 mM Tris-HCl (pH 9.0 at 25°C), 5 mM MgCl 2 , 50 mM KCl, 0.1% Triton X-100, 1 mM each dNTP, 1 U/L recombinant RNasin ribonucleases inhibitor, 15 units AMV reverse transcriptase, 0.5 g oligo(dT) 15 primer, and total RNA in a total volume of 20 L The reaction was kept at 42°C for 60 minutes. One tenth of the RT sample was used for subsequent PCR, with the final concentration of the PCR reaction being 10 mM Tris-HCl (pH 8.3 at 25°C), 50 mM KCl, 1.5 mM Mg(OAc) 2 , 25 pM of each primer shown in Table 1 , and 1.25 units of Taq DNA polymerase in a total volume of 50 L. The PCR mixture was first denatured at 94°C for 5 minutes, then amplified for 30 cycles (94°C, 1 minute; 60°C, 1 minute; and 72°C, 1 minute) with a programmable thermal controller (PTC-100; MJ Research Inc., Watertown, MA). After amplification, 15 L of each PCR product and 3 L of 6ϫ loading buffer were mixed and electrophoresed on a 1.5% agarose gel in 0.5ϫ Tris-boric acid-EDTA (TBE) containing 0.5 g/mL ethidium bromide. The gels were photographed, scanned, and quantitated by densitometry (Photoshop software; Adobe Systems, San Jose, CA).
Immunostaining
On confluence, cells were fixed with ice-cold methanol for 15 minutes and then permeabilized with 0.1% Triton X-100 in PBS for 10 minutes. After the reaction was blocked with 3% BSA in PBS for 30 minutes and the cells were rinsed twice for 5 minutes with PBS, they were incubated with a monoclonal antibody against K3, a cornea-specific differentiation marker, 1 and with a monoclonal antibody to p63, a putative marker for limbal epithelial progenitors. 8 After three PBS washes, each for 5 minutes, the cells were incubated with FITC-conjugated goat anti-rabbit and goat anti-rat IgG (1:100) and IgM (1:100), respectively. After three additional PBS washes, they were mounted with anti-fade mounting medium (Vectashield; Vector Laboratories, Burlingame, CA) and photographed with the epifluorescence microscope.
Immunoblot Analysis
On confluence, cells were rinsed twice with ice-cold PBS at 4°C, and treated by RIPA buffer consisting of 50 mM Tris-HCl, 150 mM NaCl, 1% NP-40, 0.5% deoxycholic acid and 0.1% SDS, supplemented with proteinase inhibitors (2 g/mL aprotinin, 2 g/mL leupeptin, 1 g/mL pepstatin A, and 0.5 mM phenylmethyl sulfonyl fluoride), phosphatase (1:1000), K12 (1:300), p63 (1:100), and ␤-actin (1:10,000) in TTBS in 5% skim milk at 4°C. After they were washed with TBST three times, the membranes were incubated with horseradish peroxidase-linked secondary antibody (1:10,000) in TTBS for 1 hour, followed by three washes in TTBS, and the immunoreactive bands were visualized by chemiluminescence reagent (Western Lightning; Pierce). The intensity of the bands was quantitated by densitometry (Photoshop; Adobe Systems).
Statistical Analysis
The significance of the differences between groups was determined by Student's t-test. P Ͻ 0.05 was considered statistically significant.
RESULTS

Enrichment of p63-Positive Cell Clusters in Human Limbal Palisades
Previous studies based on human limbal cross sections obtained radial 8 or tangential 21 to the limbus have demonstrated that limbal basal cells preferentially express p63. We wondered whether such p63-positive cells were preferentially distributed in the limbal palisades, an anatomic structure thought to contain limbal epithelial SCs. Immediately after corneal transplantation, we specifically chose those corneo-limbo-scleral tissues that carried heavy pigmentation for ease of identifying the limbal palisades (Fig. 1A) . Using a previously reported overnight dispase digestion method, 20 we isolated an intact limbal epithelial sheet (Fig. 1B) . Under higher magnification, such isolated sheets placed on plastic still preserved undulated folds of pigmented limbal palisades where cells were smaller (Figs.  1C, 1D ). In contrast, cells in the corneal region were flat and larger (Figs. 1C, 1E) . As previously reported, 20 we verified that cells of such isolated limbal sheets were viable as demonstrated by cell viability assay (Live/Dead assay; Molecular Probes; Fig.  1F ). Immunostaining showed that p63-positive cells were enriched in limbal palisades (Figs. 1G, 1H) .
To verify that the aforementioned pattern was generated by basal cells, dispase-isolated human limbal epithelial sheets were cultured on plastic in SHEM for 48 hours so that most superficial and suprabasal cells were detached, resulting in a monolayer with areas of multicellular clusters ( Fig. 2A) . These cellular clusters were distributed mainly in the limbal region corresponding to palisades (Fig. 2B) . In contrast, cells in the peripheral corneal location were larger and did not form clusters (Fig. 2C) . When the cultures were extended for another 48 hours, these clusters became more organized into dense cellular aggregates, presumably because of proliferation (Figs. 2D,  2E ). Immunostaining showed that these clusters contained small cells with strong p63 nuclear staining (Figs. 2F, 2G) . Collectively, these results indicated that human limbal palisades preferentially contained clusters of p63-positive cells.
Higher Clonal Growth by p63-Rich Cell Clusters
To determine whether areas with p63-positive clusters contained progenitors more so than areas without, we removed 10 areas with and 10 areas without such clusters, each 1 mm in diameter, by laser microdissection (Fig. 3A) . After being rendered into single cells, the same number of cells from each group was seeded on 3T3 fibroblast feeder layers. After 14 days of cultivation, the clonal growth-formed areas containing p63-positive clusters had a significantly higher CFE than that from areas without (Figs. 3B, 3C ; P Ͻ 0.001). , an intact limbal epithelial sheet was isolated by overnight dispase digestion (B). When one fourth of an isolated sheet (i.e., one sixteenth of the entire limbal sheet) was put on a plastic dish (C), pigmented limbal palisades noted before digestion (A) were preserved and exhibited undulating folds in the limbal location (B, C), where cells were small (D). In contrast, cells in the peripheral corneal region were flat and larger (C, E). Cells of such isolated limbal sheets were viable, as revealed by green fluorescence in a cell-viability assay, whereas some cells in the cut edge were dead, as shown by red fluorescence (F). Immunostaining showed that p63-positive cells were enriched in limbal palisades (G, enlarged inset in H). Bars, 50 m.
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We thus wondered whether maintenance of the aforementioned p63-positive clusters by limbal sheet cultures may retain a higher growth potential. To test this hypothesis, we cultivated isolated limbal epithelial sheets either directly or as single cells after being treated by trypsin/EDTA. The latter treatment retained high viability in the range of 81% to 92% (n ϭ 10). We confirmed that the viability of cells treated with dispase alone was not different from that treated with dispase followed by trypsin-EDTA based on trypan blue dye exclusion These cellular clusters were distributed mainly in the limbal region corresponding to the palisade (B). In contrast, cells in the peripheral corneal region were larger without clusters (C). When cultures were extended for another 48 hours, the clusters became more organized into dense cellular aggregates (D). Immunostaining showed that these clusters contained small cells with strong p63 nuclear staining (E-G; arrows in F). Bars, 50 m.
FIGURE 3.
Higher clonal growth by p63-positive cell clusters. When dispase-isolated human limbal sheets were cultured on plastic in SHEM for 48 hours (Fig. 2) , the cells were collected from areas with (ϩ) and without (Ϫ) p63ϩ clusters by a laser-assisted microdissection microscope (A) and rendered into single cells by trypsin/EDTA. After being seeded on 3T3 fibroblast feeder layers for 14 days, cells derived from p63ϩ cluster areas exhibited more vivid clonal growth revealed by rhodamine B staining (B) and a significantly higher CFE than those from the noncluster areas (C, **P Ͻ 0.01). Bars, 50 m. (n ϭ 3, 66.5% Ϯ 9.9%, 67.6% Ϯ 21.1%, respectively). Just after the enzymatic treatment, the growth potential between the two was not significantly different as judged by the CFE counted from 3T3 fibroblast feeder layers (n ϭ 3, 8.4% Ϯ 6.5%, 7.8% Ϯ 1.7%, respectively). Within 24 hours after seeding, more than 50% of epithelial cells attached on plastic surface and contained both small and large cells. To facilitate attachment of the epithelial sheets, we applied a minimal amount of medium sufficient to cover the sheet for 1 or 2 days. As expected, epithelial growth measured by digitizing phase-contrast micrographs in single cells on plastic (Sg/Pl) was significantly greater and faster than that in limbal sheets on plastic (Sh/Pl) when plotted as a percentage of confluence (Figs. 4A, 4B; P Ͻ 0.01). Afterward, the same number of single cells obtained from the two cultures was seeded on 3T3 fibroblast feeder layers. The resultant clones of Sh/Pl were larger than Sg/Pl (Fig. 4C) .
Expression of Differentiation and Progenitor Markers
To determine the differentiation status of the cells, we measured the expression of K3 and -12 transcripts by RT-PCR and their proteins by Western blot analysis. The same amounts of limbal sheets and single cells were seeded on plastic or 3T3 fibroblast feeder layers (3T3). On confluence at different times (Fig. 4B) , we isolated epithelial cells, their total RNAs and protein extracts were prepared. Before that, 3T3 fibroblasts were much easier to remove by trypsin/EDTA than were the epithelial cells. With GAPDH used as a loading control and the expression of K3 transcript treated as 1 for Sh/3T3 cultures, the expression of Sh/Pl, Sg/3T3, and Sg/Pl increased by 2.7-, 2.3-, and 4.5-fold, respectively. Similarly, with the expression of K12 transcript by Sh/3T3 cultures treated as 1, the expression in Sh/Pl, Sg/3T3, and Sg/Pl cultures was found to increase by 1.8-, 1.8-, and 2.3-fold, respectively (Fig. 5A) . With ␤-actin as a loading control and the expression of K3 protein by Sh/3T3 treated as 1, the expression of Sh/Pl, Sg/3T3, and Sg/Pl were found to increase by 2.5 Ϯ 0.5-, 3.0 Ϯ 0.5-, and 3.5 Ϯ 0.9-fold (mean Ϯ SD, n ϭ 3), respectively. Similarly, with the expression of K12 protein by Sh/3T3 treated as 1, the expression of Sh/Pl, Sg/3T3, and Sg/Pl cultures increased by 2.6 Ϯ 0.1-, 2.5 Ϯ 0.2-, and 3.9 Ϯ 0.4-fold, respectively (n ϭ 3; Fig. 5B , **P Ͻ 0.01). Collectively, these results indicate that expression of both corneal differentiation markers was the lowest in sheet cultures expanded on 3T3 fibroblast feeder layers (Sh/3T3) when compared with the other three culturing conditions. To determine whether there was any difference in the progenitor status, levels of ABCG2 and MDR1 transcripts measured by RT-PCR were not found to be significantly different (Fig. 5C ). However, Western blot analysis showed that p63 protein expression was promoted by 3T3 feeder cells either in a sheet or single cells (Fig. 5C ). Immunostaining to K3 was heterogeneously positive in sheet cultures on plastic with small cells being negative, but was uniformly positive in singlecell suspension cultures (Fig. 5D) . These results indicate that the sheet cultures preserved more progenitors with less differentiation than did single cells.
DISCUSSION
Previously, nuclear expression of p63 was found to be enriched in limbal basal cells in radial and tangential cross sections. 8 Three-dimensional reconstruction of the limbal region has revealed that expression of p63 is enriched in the limbal region along the basal layer of the palisade ridge. 22 Using dispase-isolated limbal sheets for two-dimensional flatmount preparations, the present study indicated that p63-positive small cells were distributed in clusters along the palisade (Figs.  1, 2) . Such a cluster pattern was distinctively different from the corneal region immediately adjacent to the palisade. Although overall p63 expression was more in the limbal region, cells isolated from this cluster area by laser microdissection exhibited significantly more vivid and higher clonal growth than those isolated from areas without clusters when reseeded on 3T3 fibroblast feeder layers (Fig. 3) . Collectively, these results indicate that not all limbal basal cells are SCs. We thus speculate that such a pattern of p63-positive clusters would help us home in on the exact locus of limbal SCs in the future and that selective isolation of such clusters will help us characterize limbal SCs better in the future. 
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Because clusters of p63-positive small cells were not uniformly distributed in an intact human limbal epithelial sheet, we wondered whether maintenance of the cell-cell interaction in sheets plays any role in preserving their progenitor status. As expected, single cells reached confluence much faster than sheets as the growth for the latter was affected by contact inhibition that was maintained in epithelial sheets (Fig.  4) . Nevertheless, our study surprisingly showed that dissociation of such clusters into single cells could affect the overall growth potential. That is, cells of the monolayer derived from the sheet plastic culture exhibited more vivid and higher clonal growth than those from the single cell plastic culture when reseeded on 3T3 fibroblast feeder layers (Fig. 4) . Further studies are needed to determine what kind of cell-cell interactions is used in p63-rich clusters and how such interactions may help retain their clonal growth potential.
Without knowing the exact action mechanism at this moment, our study further showed that continuous expansion of both sheets and single cells on plastic resulted in more differentiation as evidenced by notable expression of K3 and -12 and reduction of p63 expression (Fig. 5) . Consistent with other reports, 23, 24 such a deleterious effect could be counteracted by 3T3 fibroblast feeder layers, as revealed by significant reduction of K3 and -12 expression in either sheet or single-cell cultures. Even if seeded on 3T3 fibroblast feeder layers, sheet cultures still expressed the lowest level of K3 and -12 transcripts and proteins (Fig. 5) .
Several protocols have been exercised clinically for expanding human limbal epithelial progenitor cells from a small limbal biopsy for treating limbal SC deficiency. 18, 19, [25] [26] [27] [28] There are many differences regarding the three key steps (i.e., isolation, expansion, and transplantation on carrier or not) among these protocols. Some used intact 28 or denuded human amniotic membrane 29 or fibrin 30 as a substrate, but some did not. 31 Besides this obvious difference in the use of carrier for transplantation, all start with a small limbal biopsy for autologous transplantation and entire limbus from cadaveric donors for allogenic transplantation. However, some use it as an explant for autograft, 25 but others isolate limbal epithelial cells from the biopsy using trypsin/EDTA 32 or dispase 33 for allografts. The results of our study imply that there is an advantage of preserving cell-cell interactions as in sheets. However, if sheets are to be dissociated into single cells, it becomes crucial to be in contact with 3T3 fibroblast feeder layers, either directly 18, 19, 26 or indirectly, 29 or other feeder layers derived from amniotic epithelial cells, 34 to maintain the progenitor status. Only if we begin to dissect carefully each step of ex vivo expansion protocol will we finally grasp the key essence of effective expansion of limbal epithelial progenitors by maintaining their clonal growth potential (i.e., one salient feature of stemness). 
